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Synapses may undergo long-term increases or
decreases in synaptic strength dependent on
critical differences in the timing between pre-
and postsynaptic activity. Such spike-timing-
dependent plasticity (STDP) follows rules that
govern how patterns of neural activity induce
changes in synaptic strength. Synaptic plastic-
ity in the dorsal cochlear nucleus (DCN) follows
Hebbian and anti-Hebbian patterns in a cell-
specific manner. Here we show that these
opposing responses to synaptic activity result
from differential expression of two signaling
pathways. Ca2+/calmodulin-dependent protein
kinase II (CaMKII) signaling underlies Hebbian
postsynaptic LTP in principal cells. By contrast,
in interneurons, a temporally precise anti-Heb-
bian synaptic spike-timing rule results from the
combined effects of postsynaptic CaMKII–de-
pendent LTP and endocannabinoid-dependent
presynaptic LTD. Cell specificity in the circuit
arises from selective targeting of presynaptic
CB1 receptors in different axonal terminals.
Hence, pre- and postsynaptic sites of expres-
sion determine both the sign and timing require-
ments of long-term plasticity in interneurons.
INTRODUCTION
The dorsal cochlear nucleus (DCN) is an auditory brain-
stem region resembling the cerebellar cortex (Bell, 2002;
Oertel and Young, 2004). Its circuitry integrates auditory
with somatosensory input and is thought to play a role in
the orientation of the head toward sounds of interest
(May, 2000; Sutherland et al., 1998; Young and Davis,
2002). However, the mechanism by which the DCN per-
forms its computational tasks remains unclear. The DCN
molecular layer consists of excitatory parallel fibers inner-vating both ‘‘cartwheel’’ interneurons and ‘‘fusiform’’ prin-
cipal neurons (Mugnaini et al., 1980). Cartwheel cells, in
turn, strongly inhibit fusiform cells through feed-forward
inhibition (Davis et al., 1996) (Figure 1A).
In studies of long-term synaptic plasticity over the last
decade, it has become clear that the direction of change,
either strengthening or weakening, can be determined by
the precise timing of pre- and postsynaptic action poten-
tials (Bell et al., 1997; Gustafsson et al., 1987; Levy and
Steward, 1983; Magee and Johnston, 1997; Markram
et al., 1997). This dependence on timing is termed spike-
timing-dependent plasticity, or STDP. We have demon-
strated unique, opposing forms of STDP at parallel fiber
synapsesonto fusiformandcartwheel cells (Tzounopoulos
et al., 2004). The STDP observed at parallel fiber-fusiform
cell synapses resembles STDP observed in the cortex
and hippocampus and is Hebbian: presynaptic inputs are
strengthenedwhen they are successful in driving postsyn-
aptic spikes, i.e., LTP is observed when a postsynaptic
spike follows the EPSP (Bi and Poo, 1998; Feldman,
2000; Froemke and Dan, 2002; Sjostrom et al., 2001). By
contrast, parallel fiber-cartwheel cell synapsesarecharac-
terized by an anti-Hebbian timing rule: presynaptic inputs
that reliably cause, or predict, a postsynaptic spike are
weakened, i.e., LTD is observed when a postsynaptic
spike follows the EPSP. Similar forms of anti-Hebbian
STDP have been observed in the electrosensory system
of a weakly electric fish (Bell et al., 1997; Han et al., 2000)
and in the cerebellum (Wang et al., 2000). However, in
the DCN, the timing requirements for coincident detection
of pre- and postsynaptic activity appear more precise
when compared to other mammalian synapses exhibiting
STDP, particularly with respect to LTD (Dan and Poo,
2006). Computational studies suggest that anti-Hebbian
STDP provides a mechanism that equalizes synaptic
efficacy along the dendritic tree, thus eliminating location
dependence of the synapses (Rumsey and Abbott,
2006). Unlike recent progress on the cellular mechanisms
of Hebbian-STDP (Bender et al., 2006; Dan and Poo,
2006; Sjostrom et al., 2003; Nevian and Sakmann, 2006),
the mechanisms underlying anti-Hebbian STDP remain
unclear.Neuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc. 291
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Signaling Pathways Shape STDP Timing CurvesFigure 1. Postsynaptic Induction but
Presynaptic Expression Mechanisms
Underlie Anti-Hebbian LTD in Cartwheel
Cells
(A) Circuitry of the DCN.
(B1) Plasticity was induced by a protocol com-
prising five pairs (subthreshold EPSP with
a current-evoked spike delivered 5 ms later)
delivered at 100 ms intervals followed by a 5 s
pause, and repeated a total of ten times. (B2)
Examples of averaged EPSPs before and
15–20 min after pairing. (B3) Summary graph
showing LTD induced by a pairing protocol
(control, 62.1% ± 2.3%, n = 8, p < 0.01; APV
[100 mM], 95% ± 4%, n = 5, ns; BAPTA
[20mM], 109.4% ± 3.6%, n = 6, ns; intracellular
MK-801, 94% ± 5%, n = 6, ns).
(C) Paired-pulse facilitation calculated from the
ratio of EPSP2/EPSP1 at 50ms interpulse inter-
val (control, 1.55 ± 0.17, n = 6; DNQX, 1.57 ±
0.20, n = 5, ns; LTD, 1.86 ± 0.15, n = 8, p < 0.01).
(D) 1/CV2 analysis; partial block of postsynap-
tic AMPA receptors by 0.5 mM DNQX and pre-
synaptic inhibition induced by GABA-B agonist
baclofen (2–5 mM) verify that CV analysis can
identify locus of suppression. CV analysis sug-
gests that LTD is expressed presynaptically.
All means are reported ± SEM.We have examined signaling mechanisms underlying
STDP in the DCN and found that anti-Hebbian LTD in
cartwheel cells is mediated by retrograde endocannabi-
noid signaling. However, the timing rule that results from
this signaling is opposed by the presence of a postsynap-
tic CaMKII-dependent mechanism that acts to strengthen
synaptic communication. Excitatory synapses onto princi-
pal cells lack the endocannabinoid system and thus only
express a Hebbian LTP. Specifically, electrophysiological
and electron-microscopic data suggest that endocan-
nabinoid signaling is less prominent in fusiform cells as
a result of differential distribution of endocannabinoid
receptors on terminals of single axons. Thus, a decrease
in transmitter release mediated by endocannabinoids
and increase in transmitter sensitivity mediated by CaMKII
signaling together shape the spike-timing rule in a syn-
apse-specific manner.
RESULTS
Anti-Hebbian LTD Is Induced Postsynaptically
but Expressed Presynaptically
We investigated the underlying induction and expression
mechanisms of anti-Hebbian LTD in cartwheel cells using
pharmacological tools. LTD was induced using a condi-
tioning protocol in which a postsynaptic spike was trig-
gered 5 ms after the onset of a parallel-fiber-evoked
EPSP, as shown previously (Tzounopoulos, et al., 2004).
The N-methyl-D-aspartate receptor (NMDAR) antagonists292 Neuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc.DL-2-amino-5-phosphonovalerate (APV, 100 mM applied
to the bath) or MK-801 (20 mM, applied intracellularly)
blocked LTD, as did intracellular application of 1,2-bis
(o-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid (BAPTA,
20 mM, Figure 1B). Therefore, the induction of LTD requires
apostsynaptic rise inCa2+,probablymediatedbypostsynap-
tic NMDARs. To investigate expression mechanisms, we
used two assays that are sensitive to changes in neuro-
transmitter release: paired-pulse facilitation (PPF; Zucker
andRegehr, 2002) and coefficient of variation (CV) analysis
(Faber and Korn, 1991; Larkman et al., 1992; Tsien and
Malinow, 1991). PPF was increased after LTD induction,
suggesting a decrease in probability of release associated
with LTDexpression (Figure 1C). Induction of LTDwaspar-
alleled by a reduction in 1/CV2; a similar reduction was
seen with baclofen, which is known to inhibit the post-
synaptic response via a presynaptic mechanism (Fig-
ure 1D). By contrast, 0.5 mM 6,7-dinitroquinoxaline-2,
3-dione (DNQX), which reduces responses by partially
blocking postsynaptic glutamate receptors, left CV and
paired-pulse plasticity unaffected (Figures 1C and 1D).
Weconclude that anti-Hebbian LTD is inducedpostsynap-
tically, but expressed presynaptically.
Endocannabinoid Signaling Underlies LTD
and Masks LTP
Given the role of endocannabinoids in retrograde signaling
in the cerebellar cortex, and the strong parallels be-
tween Purkinje neurons and cartwheel cells (Berrebi and
Neuron
Signaling Pathways Shape STDP Timing CurvesFigure 2. Role of Endocannabinoid and
CaMKII in Synaptic Plasticity in Cart-
wheel Cells
(A) Time course of induced plasticity (control,
LTD, 62% ± 2%, n = 8; AM-251, LTP, 163% ±
10%, n = 7).
(B) Failure to induce plasticity in the presence
of AM-251 plus APV (86% ± 5%, n = 5, ns);
BAPTA (80% ± 6%, n = 5, ns); CaMKII-Ntide
(100% ± 5%, n = 6, ns).
(C) LTD was induced in the presence of 100 mM
LY367385 and 4 mM MPEP, selective antago-
nists of mGluR subtypes 1 and 5, respectively.
The magnitude of LTD was not significantly dif-
ferent from control LTD (74% ± 2.5%, n = 6).
(D) Paired-pulse facilitation (control, 1.75 ± 0.2,
n = 7; AM-251, 1.72 ± 0.2, n = 6). Control values
are from the same cells but before the pairing
protocol was initiated.
(E) 1/CV2 analysis of cartwheel cell, suggesting
that LTP is expressed postsynaptically while
LTD is expressed presynaptically (AM-251 +
pairing, normalized 1/CV2 = 1.12 ± 0.2 of
control, n = 5, ns; pairing alone, normalized
1/CV2 = 0.48 ± 0.1, n = 6, p < 0.05).
All experiments used the 5 ms pre-post interval
as in Figure 1. All means are reported ± SEM.Mugnaini, 1988; Manis et al., 1994; Wouterlood and Mug-
naini, 1984; Zhang and Oertel, 1993), we tested whether
endocannabinoid signaling is involved in LTD in the cart-
wheel cell. Endocannabinoids are released from postsyn-
aptic cells and diffuse to presynaptic terminals where they
activate endocannabinoid (CB1) receptors (Freund et al.,
2003; Piomelli et al., 1998; Wilson and Nicoll, 2002). CB1
receptors are G protein-coupled receptors that inhibit
transmitter release (Hajos et al., 2001; Hoffman and Lup-
ica, 2000; Kreitzer and Regehr, 2001a; Ohno-Shosaku
et al., 2001; Wilson and Nicoll, 2001). Endocannabinoid
signaling has been previously shown to mediate Hebbian
LTD in different brain regions (Auclair et al., 2000; Bender
et al., 2006; Chevaleyre and Castillo, 2003; Gerdeman
et al., 2002; Huang et al., 2003; Marsicano et al., 2002;
Robbe et al., 2002; Safo and Regehr, 2005; Sjostrom
et al., 2003). Using an induction protocol wherein the
EPSP preceded the spike by 4–5 ms, application of
1 mM AM-251 (a selective CB1 receptor antagonist) not
only blocked LTD but, surprisingly, also unmasked a
long-term potentiation (Figure 2A). AM-251 had no effect
on baseline synaptic transmission (see Figure S1 in the
Supplemental Data available online), indicating lack of
tonic activation of CB1 receptors. Given the involvement
of group I metabotropic glutamate receptors (mGluRs) in
endocannabinoid-mediated LTD in other systems (Cheva-
leyre and Castillo, 2003), we tested the role of mGluR1
and -5 on the induction of LTD. Bath application of 100 mM
LY367385 and 4 mM MPEP, selective antagonists of
mGluR subtypes 1 and 5, respectively, had no effect on
cartwheel cell LTD (Figure 2C), indicating that mGluR1/5
activation is not necessary for LTD induction. Next we
determined the induction and expression mechanisms ofthe ‘‘unmasked’’ LTP. Application of extracellular APV or
intracellular BAPTA was able to block this form of LTP,
suggesting that both signaling cascades leading to LTP
and LTD are initiated in the postsynaptic cell by a rise in
Ca2+, probably mediated by NMDARs (Figure 2B). As
with LTP in hippocampal pyramidal neurons (Malenka
and Nicoll, 1999), this ‘‘unmasked’’ LTP was mediated
through a postsynaptic mechanism because, PPF and
1/CV2 did not change after its induction (Figures 2D and
2E) and LTPwas blocked by intracellularly applied CaMKII
peptide inhibitor (Chang et al., 2001; Yasuda et al., 2003)
(CaMKII-Ntide, 10–50 mM) (Figure 2B).
Coincidence Detection Windows for Anti-Hebbian
LTD and Hebbian LTP
To determine the relative roles of these signaling pathways
in shaping the dependence of plasticity on timing, we ap-
plied selective blockers of each of the two pathways and
monitored the change in EPSP amplitude after condition-
ing trains with different EPSP spike-timing relationships.
CaMKII-Ntide, applied through the recording pipette,
was used to block CaMKII signaling and thus permitted
us to study the learning rule determined by endocannabi-
noid signaling, while AM-251 was used to block endocan-
nabinoid signaling. The black squares in Figure 3A are
control data showing that LTD is only observed for an
EPSP spike-timing delay of 4–5 ms (Tzounopoulos et al.,
2004). When endocannabinoid signaling was blocked
with AM-251, the timing curve (triangles, Figure 3A) re-
vealed LTP that was triggered between 5 and 20 ms
pre-post pairing protocol. Thus, both the polarity and
the timing sensitivity had changed. Interestingly, this
broader timing window is similar to that observed forNeuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc. 293
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et al., 2004). When CaMKII signaling was blocked with
CaMKII-Ntide, the observed timing rule was anti-Hebbian,
but the timing window for coincident detection increased,
a mirror-image of the relationship seen in AM-251 (circles,
Figure 3A). At a 10 ms delay, no plasticity is seen in con-
trols, and this appears to reflect the cancelling of the
effects of presynaptic endocannabinoid-mediated LTD
and postsynaptic CaMKII-mediated LTP occurring simul-
taneously. When the spike follows the EPSP by only
5 ms, additional LTD is observed after blocking LTP
(Figure 3A). Since peptide diffusion from the patch pipette
into dendritic spines may be limited, we tried a higher
peptide concentration (200 mM), which produced a weak
potentiating effect on baseline EPSP amplitude but also
revealed an even stronger LTD when tested at the 5 ms
EPSP spike interval (Figure S2). At either zero or 5 ms,
no plasticity was observed under any recording condition
(Figure 3A). These results show that the unique, narrow
Figure 3. Synaptic Learning Rules Determined by Interaction
of Distinct Signaling Mechanisms and Levels of Synaptic
Activity
(A) Synaptic timing plot for cartwheel cells when pairs (EPSP followed
or preceded by a current-evoked spike delivered within 20 ms) were
delivered at 100 ms intervals (10 Hz). Time points are shown as the
average interval between EPSP onset and spike peak measured in
each experiment. Data are means from 4 to 13 cells per point.
(B) Frequency dependence of STDP observed with EPSP spike
sequence at 5 ms interval, and pairs delivered at either 10 and 40 Hz
(control 10 Hz, 25% ± 5%, n = 8, control 40 Hz, +30% ± 6%, n = 6;
AM-251 10 Hz, +50% ± 23%, n = 5, AM-251 40 Hz, +40% ± 16%,
n = 5; CaMKII-Ntide 10 Hz, 37% ± 4%, n = 5, CaMKII-Ntide 40 Hz,
30% ± 7%, n = 6).
All means are reported ± SEM.294 Neuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc.timing plot rule for the interneuron reflects the interaction
of distinct metabolic pathways and plasticities expressed
on both sides of the synapse.
The polarity of synaptic plasticity in cartwheel cells is
frequency dependent (Tzounopoulos et al., 2004). Anti-
Hebbian LTD was observed at low frequencies (10 Hz;
Figures 3A and 3B), while LTP was induced at 40 Hz, re-
gardless of the timing order of pre- and postsynaptic activ-
ity (Tzounopoulos et al., 2004) (Figure 3B). When AM-251
was applied, the LTP was not significantly different at
10 Hz or 40 Hz, nor was it different from the LTP seen at
40 Hz in control conditions (Figure 3B). Therefore, LTP ob-
served at 40 Hz in control conditions is mediated by
CaMKII signaling and its effects apparently dominate
over endocannabinoid signaling. After blocking CaMKII
signaling, a larger-magnitude LTD could be induced at
10 Hz (Figure 3B). Thus, learning rules are not static, but
depend both on the frequency of synaptic activity and on
the relative timing of pre- and postsynaptic activity.
Cell-Specific Expression of Endocannabinoid
Signaling Determines the Type of Associative
Plasticity
Parallel fibers are known to contact both cartwheel and
fusiform cells, yet these cells exhibit strikingly different
timing plots in STDP paradigms (Tzounopoulos et al.,
2004). Could the differential distribution of the signaling
mechanisms described above account for cell-specific
synaptic learning rules? In fusiform cells, which do not
exhibit anti-Hebbian plasticity, blockade of either NMDAR
or CaMKII prevented induction of LTP (Figure 4A). Addi-
tionally, PPF and CV did not change after its induction, in-
dicating a postsynaptic site of LTP expression (Figures 4B
and 4C), similar to that of cartwheel cells. These results
suggest that selective engagement of endocannabinoid
signaling in cartwheel cells and its interaction with the
CaMKII signaling cascade may explain site-specific
STDP in the DCN. If the plasticity in cartwheel cells is dif-
ferent from that observed in fusiform cells solely because
of engagement of endocannabinoid signaling, then we
would predict that parallel fiber terminals innervating
fusiform cells do not express CB1 receptors and/or that
fusiform cells do not release endocannabinoids, at least
under the induction protocol used in this study.
To distinguish between these two possibilities, we used
physiological and histological approaches. Depolariza-
tion-induced suppression of excitation (DSE) is a transient
decrease in synaptic strength of excitatory inputs that is
mediated by endocannabinoids (Kreitzer and Regehr,
2001b) and was used here to reveal endocannabinoid sig-
naling in cartwheel and fusiform cells. Application of 1 s
depolarization to 0 mV in cartwheel cells led to a decrease
of synaptic strength that lasted 10–15 s (Figure 5A). This
decrease was mediated by endocannabinoids, as appli-
cation of AM-251 was able to block this decrease
(Figure 5C). DSE in fusiform cells was much smaller than
in cartwheel cells (Figures 5A–5C). We then asked how
sensitive parallel fiber synapses on the two cell types are
Neuron
Signaling Pathways Shape STDP Timing CurvesFigure 4. Postsynaptic Induction and
Expression Mechanisms Underlie LTP in
Fusiform Cells
Plasticity was induced by a protocol compris-
ing five pairs (subthreshold EPSP with a cur-
rent-evoked spike delivered 5 ms later) deliv-
ered at 100 ms intervals followed by a 5 s
pause, and repeated a total of ten times.
(A1) Examples of averaged EPSPs before and
15–20 min after pairing. (A2) Time course of
induced plasticity in fusiform cells (control,
146% ± 7%, n = 8, p < 0.05; APV, 95% ± 2%,
n = 6, ns; CaMKII-Ntide, 95% ± 3%, n = 6, ns).
(B) Summary graph showing paired-pulse facil-
itation (PPF) (control, 1.72 ± 0.09, n = 6; LTP,
1.61 ± 0.08, n = 7).
(C) 1/CV2 analysis: LTP 1.1 ± 0.1, n = 8; PPF:
1.9 ± 0.2, n = 7. Values for EPSP potentiation
with LTP (measured after 15–20 min) and
PPF: 1.35 ± 0.01 and 1.43 ± 0.01, respectively.
All means are reported ± SEM.to an agonist of CB1 receptor.WhenWIN-55,212-2 (1 mM),
was bath applied, a quantitatively similar decrease of
synaptic strength was observed both in cartwheel and
fusiform cells (Figures 5D and 5F); however, the onset of
block of synapses on fusiform cells was distinctly slower.
This difference was not due to differential penetration ofthe drug, as we were careful not to record from fusiform
cells located in deeper layers of the slice. When the con-
centration of WIN-55,212-2 was reduced to 50 nM (Fig-
ures 5E and 5F), a more gradual and limited block of trans-
mission at cartwheel synapses was seen, and almost no
effect was observed in fusiform cells, after 35 min ofFigure 5. Differential Engagement of
Endocannabinoid Signaling in Cartwheel
and Fusiform Cells
(A) Time course of DSE, induced by 1 s depo-
larization in cartwheel cells, inset showing
EPSCs before and after depolarization to 0mV.
(B) Time course of DSE, induced by 1 s depo-
larization in fusiform cells, inset showing
EPSCs before and after depolarization to 0mV.
(C) Pharmacology and comparison of average
DSE in cartwheel and fusiform cells. (EPSC
before/EPSC 1 s after depolarization is termi-
nated) 3 100 (cartwheel cells: control, 50% ±
11%, n = 9; 1 mM, bath-applied AM-251,
97% ± 9%, n = 7; fusiform cells: control,
86% ± 3%, n = 8, 1 mM, bath-applied AM-251,
94% ± 5%, n = 5).
(D) Time course of 1 mMWIN block of transmis-
sion in cartwheel and fusiform cells.
(E) Time course of 50 nMWINblock of transmis-
sion in cartwheel and fusiform cells.
(F) Summary graph showing comparison of
average WIN block (EPSC before/EPSC 25–30
min after application of WIN) between fusiform
and cartwheel cells (1 mMWIN: cartwheel cells
28% ± 6%, n = 4; fusiform cells, 32% ± 1%,
n = 4, 50 nM WIN: cartwheel cells 57% ± 1%,
n = 4; fusiform cells 85% ± 1%, n = 4).
All means are reported ± SEM.Neuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc. 295
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Signaling Pathways Shape STDP Timing CurvesFigure 6. CB1 Receptors Are Differentially Expressed at Parallel Fiber Synapses in DCN
Electronmicrographs show postembedding immunogold labeling using the CT antibody for CB1 receptor at the parallel fiber (PF)/cartwheel cell (CwC)
(A–C) andparallel fiber/fusiformcell (FC) (D–F) synapses. Gold particles for CB1were observed at thepresynaptic boutons (arrows) of parallel fibers syn-
apsingonapical dendritesof FC.Threepatternsof immunogold labelingwereobserved: (1) gold particles associatedwith thepresynapticmembrane, (2)
gold particles associated with plasma membrane not facing synapses or extrasynaptic plasma membrane, and (3) gold particles associated with syn-
aptic vesicles intracellularly. In the dendritic spines of cartwheel cells but not fusiform cells gold particles were observed associated with intracellular
compartments or plasma membrane (arrowheads). Glial cells (G) also presented gold particles for CB1 (double arrows in [A] and [C]). Scale bar,
0.25 mm. (G) Density of gold particles/mm length ± SEM for CB1 of the parallel fiber synaptic ending plasma membrane. The plasma membrane of
theparallel fiber synaptic terminalwasdivided into three regions, illustrated in thecartoon: parallel fibermembrane facing thePSD (a); parallel fibermem-
brane facing theperiphery of thePSD (b); andparallel fibermembrane not facing the synapse (c) on cartwheel and fusiformcells (***p < 0.001). (H)Density
of gold particles/mm2 area ± SEM of the intracellular pool of CB1 in the parallel synaptic terminal onto cartwheel and fusiform cells.incubation. These data suggest that parallel fiber termi-
nals may differ in their density of CB1 receptors.
This interpretation was confirmed through EM immuno-
localization of CB1 receptors (Figure 6). Postembed-
ding immunolocalization was performed using antibodies296 Neuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc.directed against either the entire C terminus (Figure 6) or
a 15 amino acid section of the protein (Figure S3) of the
CB1 receptors, with comparable results. Five-nanometer
gold particles were apparent within parallel fiber terminals
onto both cell types (Figures 6A–6F) and on the spines of
Neuron
Signaling Pathways Shape STDP Timing Curvescartwheel cells (Figures 6A–6C). The distribution of pre-
synaptic particles was quantified as shown in the cartoon
in Figure 6G; particles were classified as being associated
with membrane facing the postsynaptic density (PSD), at
the periphery of the PSD, or in extrasynaptic membrane
areas. Particles had to be within 40 nm of presynaptic
plasma membrane to qualify as membrane labeling (see
Experimental Procedures). With these criteria, a striking
difference in distribution was apparent, such that parallel
fiber-cartwheel synapses had more membrane labeling
than synapses onto fusiform cells, and most of that label-
ing was facing the PSD (Figure 6G). Intraterminal labeling
was not different between the two classes of terminal
(Figure 6H). Thus, these data confirm that differential en-
docannabinoid signaling may be caused by cell-selective
expression of CB1 receptors at terminals of parallel fibers.
DISCUSSION
By using electrophysiological and anatomical techniques,
we revealed mechanisms underlying cell-specific STDP in
the DCN. Our findings show that differences in cell-spe-
cific synaptic learning rules can be ascribed to differences
in the subcellular targeting of presynaptic endocannabi-
noid receptors. We also show that the uniquely narrow
timing windows for STDP observed in the DCN represent
the convergent effects of presynaptic endocannabinoid
signaling and postsynaptic CaMKII signaling. The conver-
gence and modulation of different signaling pathways to
modify synaptic strength adds a new layer of intricacy
and flexibility to neuronal networks.
Cellular Mechanisms Underlying STDP
Two general mechanisms are thought to underlie Hebbian
STDP. In one, postsynaptic NMDARs represent the main
coincidence detector for STDP (Froemke et al., 2005;
Nishiyama et al., 2000; Shouval et al., 2002). Similar to
LTP and LTD induced by conventional protocols, in
STDP, pre-post spiking (EPSP followed by spike) leads
to brief high-level Ca2+ influx due to effective activation
of NMDARs (LTP pathway), while post-pre spiking (spike
followed by EPSP) leads to a low-level Ca2+ rise (LTD
pathway). Ca2+ imaging studies have demonstrated
supralinear summation with pre-post spiking and sublin-
ear summation with post-pre spiking (Koester and Sak-
mann, 1998; Nevian and Sakmann, 2004). However,
such a simple model seems unlikely to provide sufficient
explanation for the whole STDP window. This model pre-
dicts the existence of an LTDwindow at positive (pre-post)
intervals longer than those for LTP induction. At this inter-
val, the gradual decrease of Ca2+ through NMDARs must
reach a range appropriate for LTD induction before com-
ing back to baseline levels. Such a broader window has
not been consistently observed (but see Nishiyama
et al., 2000). A second mechanism was hypothesized by
Karmarkar and Buonomano (2002), in which a second co-
incident detector independent of NMDARs is proposed for
explaining LTD observed at post-pre intervals. This sec-ond scheme recently found experimental support (Bender
et al., 2006; Nevian and Sakmann, 2006) and involves sep-
arate Ca2+ sources and coincident detection for LTP and
LTD. LTP shows classical NMDAR dependence. LTD
was independent of NMDARs and involved mGLURs,
Ca2+ from voltage-sensitive channels, and IP3 receptor-
gated stores from the postsynaptic cell. This sequence
of events triggers retrograde endocannabinoid signaling
as well as activation of presynaptic NMDARs, leading to
presynaptic LTD.
Here we explored the cellular mechanisms underlying
anti-Hebbian STDP. We discovered that for pre-post
pairs, both LTD and LTP observed in cartwheel cells use
NMDARs as the coincidence detector. Conventional
CaMKII signaling mediates Hebbian LTP. Endocannabi-
noids were first shown to mediate Hebbian spike-timing-
dependent LTD in the neocortex (Sjostrom et al., 2003).
In that study, LTD required simultaneous activation of
presynaptic NMDA and CB1 receptors. We find that retro-
grade endocannabinoid signaling, recently shown to be in-
volved in some other forms of Hebbian LTD (Bender et al.,
2006), can alsomediate anti-Hebbian LTD.Most strikingly,
we find that these distinct signaling pathways occur simul-
taneously and thus together determine the sign of the ob-
served plasticity and shape the timing window. At the
various pre-post intervals tested, the EPSP reflects the
product of changes in quantal release and quantal size
triggered by endocannabinoid and CaMKII pathways, re-
spectively. For example, at the 5 ms interval, a peak LTP
in the presence of AM-251 was 152% of prestimulus
control. At the same interval in CaMKII-Ntide, the EPSP
was 61% in 10–50 mM peptide (Figure 3A) and 50% with
200 mMpeptide (Figure S2), whichwe assume is amaximal
response. The product of the effects on release and sensi-
tivity (1.523 0.5) gives an EPSP of 76% of control, similar
to our value of 74% in the absence of inhibitors (Figure 3A).
Remarkably, the effects of the inhibitors suggest that, at
time points like +10 ms in which no change in EPSP size
is induced, pre-and postsynaptic plasticity have produced
effects that exactly cancel one another.
These proposed mechanisms differ from a recent study
in cortex that revealed anti-Hebbian LTD at distal dendritic
inputs while the same stimulus induced Hebbian LTP at
proximal dendrites (Sjostrom and Hausser, 2006). Anti-
Hebbian LTD in that study was the result of limited spread
of backpropagating action potentials at distal synapses,
which created a gradient of LTP and LTD as the distance
between synaptic contacts and the soma increased. Re-
cent reports suggest that synaptic plasticity results from
the balance between separately activated induction path-
ways for LTP and LTD (Bender et al., 2006; Liu et al., 2004;
O’Connor et al., 2005; Wang et al., 2005; Wittenberg and
Wang, 2006). In these cases, linear summation of LTP
and LTD components determine the overall associative
plasticity rule. Our results differ in that we find that LTP
and LTD mechanisms have different sites of action (pre-
versus postsynaptic) yet occur simultaneously. Such si-
multaneous LTP and LTD was also suggested recentlyNeuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc. 297
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hanced by blocking CB1 receptors, suggesting that an
LTD tempered the magnitude of LTP.
Our results also reveal that the relative dominanceof sig-
naling pathways is frequency dependent (Figure 3B). At
the higher stimulus frequency, LTPobservedwith high-fre-
quency stimuli is mediated by CaMKII signaling and dom-
inates over endocannabinoid signaling. Given the promi-
nent role of Ca2+ and the presence of heavily spine-laden
dendrites in cartwheel cells, local, rapid changes in Ca2+
could determine signaling pathway dominance. Since
some forms of plasticity in cartwheels cells also depend
on intracellular store Ca2+ (Fujino and Oertel, 2003), the
activation or inhibition of Ca2+-inducedCa2+ release chan-
nels may also participate in this process (Bender et al.,
2006; Wang et al., 2000). Regardless of the mechanism
for STDP induction, it is clear that the frequency depen-
dence of different signaling mechanisms in shaping syn-
aptic learning rules provide a new way of modifying the
rules for associative plasticity. These mechanisms not
only may allow for a single cell type to change its synaptic
coding rules in an activity-dependent manner but also per-
mit networks to create population-specific learning rules.
Cell-Specific Expression of Endocannabinoid
Signaling Determines Cell-Specific Synaptic
Plasticity
Cell-specific short- and long-term plasticities have been
previously observed in different neural circuits. Target
cells may determine the probability of release and short-
term plasticity of synapses, thus allowing for the same fi-
bers to influence their targets differentially (Markram et al.,
1998; Pouille and Scanziani, 2004; Reyes et al., 1998;
Rozov et al., 2001; Thomson, 1997; Toth et al., 2000). To
our knowledge, our findings reveal a novel mechanism
for cell-specific modulation of Hebbian and anti-Hebbian
STDP by endocannabinoids which depends on the
terminal-specific targeting of presynaptic CB1 receptors
(Figure S4). While application of an agonist of the CB1 re-
ceptor inhibited transmission at both cell types, the extent
of inhibition was different when submaximal doses were
used. The differential distribution of the receptors on par-
allel fiber terminals, perhaps their relative distance to Ca2+
channels, might account for the difference in agonist
effectiveness, as supported by ultrastuctural analysis. Al-
though not excluding the possibility of difference in endo-
cannabinoid release between the two cell types, these
results show that similar effectiveness of high concentra-
tions of agonist cannot be taken as evidence for differen-
tial endocannabinoid release. The ability of the various
terminals to selectively target receptors according to the
postsynaptic cell type has been observed in other sys-
tems (Toth et al., 2000) but here takes on the role of dictat-
ing the polarity of long-term plasticity within a synaptically
coupled network. The functional significance of cell-spe-
cific engagement of endocannabinoid signaling may be
to tune the effect of feed-forward inhibition to the fusiform
cells. Cartwheel cells form a powerful interneuronal net-298 Neuron 54, 291–301, April 19, 2007 ª2007 Elsevier Inc.work that shuts off fusiform cell firing (Davis et al., 1996).
Preferential DSE of parallel fiber inputs to cartwheel cells
may gate initiation of activity to fusiform cells, which are
heavily inhibited in vivo in response to parallel fiber stimu-
lation (Davis et al., 1996). In addition, cell-specific STDP
synergistically increases excitability of the output neuron
by potentiating the excitatory input to the fusiform cells
while at the same time reducing the inhibitory input to
fusiform cells. However, this balance is shifted at 40 Hz,
where increased parallel fiber activity leads to LTP in par-
allel fiber inputs to cartwheel cells. This would result in in-
creased feed-forward inhibition, thus preventing runaway
excitation of fusiform cells.
Functional Role of Anti-Hebbian STDP in the DCN
What are the roles of adaptive synaptic learning rules for
the computational tasks performed by the DCN? Similari-
ties to cerebellum-like structures in the fish and to the
cerebellum itself may provide clues as to the significance
of adaptive synaptic learning rules andmultimodal integra-
tion. In cerebellum-like sensory structures in electric fish,
anti-Hebbian parallel fiber synaptic plasticity serves to
cancel out the predictable sensory consequences of the
fish’s ownmotor actions (Bell, 1981; Bell et al., 1997; Rob-
erts and Bell, 2000). Anti-Hebbian STDP observed in cart-
wheel cells may underlie a similar adaptive filtering role in
the DCN. Information about the position of the head and
neck relayed by parallel fibers provides the ‘‘raw material’’
thatwould be needed to cancel predictable consequences
of movements on auditory input. Also, such plasticity may
aid in responding to novel sounds by suppressing the re-
sponse to self-generated or expected sounds. A detailed
conceptual model of how such schemes might be imple-
mented in the DCN has yet to emerge. However, our data
support the idea that the computational tasks of the DCN
may be changing according to activity levels or the avail-
ability of differentmetabolic pathways. Therefore, Hebbian
synaptic learning rules induced during increased activity or
modulation of endocannabinoid or CaMKII signaling may
transform the computational tasks of the DCN. Instead of
creating a ‘‘negative image’’ of ongoing activity, Hebbian
synaptic learning rules may create a memory trace
(Yao and Dan, 2001) that sensitizes the DCN to particular
profiles of subsequent auditory and nonauditory stimuli.
EXPERIMENTAL PROCEDURES
Electrophysiology
Coronal brain slices were made from ICR mice (P18–P25). Animals
were sacrificed according to methods approved by the Institutional
Animal Care and Use Committee of OHSU and the Rosalind Franklin
University. Single cells were visualized with IR interference contrast
optics and recorded using patch pipettes in either voltage- or cur-
rent-clamp modes. Cells in the DCN’s fusiform cell layer were identi-
fied on the basis of morphological and electrophysiological criteria
(Tzounopoulos et al., 2004). The external solution contained (in mM)
130 NaCl, 3 KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 20 NaHCO3,
3 HEPES, and 10 glucose; saturated with 95% O2/5% CO2. Pipettes
were filled with a K-based solution, containing (in mM) 113 K-gluco-
nate, 4.5 MgCl2, 14 trisphosphocreatine, 9 HEPES, 0.1 EGTA,
Neuron
Signaling Pathways Shape STDP Timing Curves4 Na-ATP, 0.3 tris-GTP at pH 7.3. Fiber tracts were stimulated with
voltage pulses (100 ms, 7–30 V). All experiments were performed at
room temperature. Input resistance was monitored from a response
to a hyperpolarizing step during each sweep. Experiments were not in-
cluded if the input resistance changedmore than 20% over 50–60 min.
Stimulus intensity was set to evoke subthreshold, single-component
EPSPs. Action potentials were evoked by somatic current injection.
For voltage-clamp experiments, series resistance was monitored
throughout the experiment from the size and shape of the capacitive
transient in response to a 5 mV hyperpolarization, after compensation
of pipette capacitance. Input resistance was calculated from the sus-
tained response to the same step. EPSC amplitude was defined as the
mean amplitude during a 1–2 ms window at the peak of the EPSC
minus the amplitude during a similar window immediately before the
stimulus artifact.
Mean, baseline, EPSP slope, or amplitude was calculated from 50–
100 sweeps immediately before the start of pairing. Postpairing slope
or amplitude was calculated from 20–30 min after the end of pairing.
EPSCs were used for CV analysis. CV was corrected for the back-
ground noise, and mean and 1/CV2 were normalized to the control
value. All means are reported ± SEM. Statistical comparisons were
made using unpaired two-tailed Student’s t tests of average EPSPs
before pairing with a mean of EPSPs during a 7–10 min window taken
20 min after pairing. Statistical significance was based on p values <
0.05. Nonsignificant comparisons are indicated as ns.
Tissue Preparation for Electron Microscopy
The handling and care of the animals prior to and during the experi-
mental procedures were approved and supervised by the University
of Connecticut IACUC and followed NIH guidelines. For structural
analysis, 2 postnatal day 22CD-1mice were used.Micewere anesthe-
tized with a mixture of ketamine 60 mg/kg and xylazine 6.5 mg/kg.
After checking anesthetic depth, mice were perfused with 4% para-
formaldehyde and 0.5% glutaraldehyde in 0.12 M phosphate buffer
(pH 7.2) for 10 min. Low glutaraldehyde fixation was then followed by
cryofixation and freeze-substitution as previously described (Matsui
et al., 2005).
Postembedding Immunogold Labeling Procedure
after Freeze-Substitution
Two well-characterized, affinity-purified polyclonal antibodies against
the carboxyl terminus of the CB1 receptor subunit (CT and L15; Nyı´ri
et al., 2005; kindly provided by Dr. K. Mackie, University of Washing-
ton) were used at a dilution of 1:200 and labeled with 5 nm colloidal
gold-coupled secondary antibodies (Amersham, Piscataway). The
CT antibody was raised against the GST fusion protein containing
the last 72 amino acids of rat CB1. The L15 antibody was raised
against a GST fusion protein containing the last 15 amino acids of
rat CB1. The two antibodies showed the same staining pattern in post-
embedding immunogold labeling. The data presented in Figure 6 cor-
respond to the analysis performed with the CT antibody. Controls in-
cluded omitting the primary antibody and preadsorption of primary
antibody with the corresponding blocking protein. Electron micro-
graphs were taken at 34,3003 magnification with a Philips 300M
TEM and scanned at a resolution of 1,600 dpi using an Epson Expres-
sion 1680 scanner. Immunostaining was also analyzed with a TECNAI
12 Biotwin TEM. The images were captured with an AMT CCD camera
at 49,0003 magnification. Image processing was performed with
Adobe Photoshop by using only the brightness and contrast com-
mands to enhance gold particles.
Identification of Parallel Fiber Synapses on Fusiform
and Cartwheel Cell in the DCN at the Transmission
Electron Microscopy Level
EM identification of parallel fiber synapses on fusiform cells was based
on the following well-established criteria (Mugnaini, 1985; Rubio and
Juiz, 2004): (1) their location in the molecular layer of the DCN (parallelfibers are described as unmyelinated axons that run parallel to the sur-
face of the nucleus) and (2) their ultrastructural characteristics. The
parallel fiber synapses are small synaptic endings, which contain
small, clear synaptic vesicles and make asymmetrical synaptic con-
tacts (Gray I) onto spines and/or dendritic shafts of apical dendrites
of fusiform cells. Parallel fiber synapses on dendritic spines of cart-
wheel cells were identified based on published criteria (Berrebi and
Mugnaini, 1991; Rubio and Juiz, 2004; Wouterlood and Mugnaini,
1984). Location in the nucleus was also used to identify cell bodies
and dendrites. Cartwheel cell bodies were located between the fusi-
form and molecular layer, and most of the dendritic spines analyzed
were located in the most apical 100 mm of the DCN (this measurement
was estimated based on grid-hole width). Dendritic spines of cart-
wheel cells are abundant in the molecular layer and are easily recog-
nized because they are large, have an elliptical shape, and are en-
riched with membranes of smooth endoplasmic reticulum.
Quantitative Evaluation of CB1 Receptor Immunolabeling at
Parallel Fiber Synaptic Endings onCartwheel and FusiformCells
The distribution and relative density of the CB1 receptor subunit immu-
nolabeling in the parallel fiber synaptic endings on cartwheel and on fu-
siform cells were determined for 120 synapses (parallel fiber/cartwheel
cell = 70 and parallel fiber/fusiform cell = 50). A total of 500 gold parti-
cles labeling CB1 receptor were counted. The distance between the
center of each gold particle and the outer leaflet of the parallel fiber
plasma membrane facing and not facing the PSD of cartwheel and
on fusiform cells was measured. The linear density of gold particles
at the parallel fiber plasma membrane facing the PSD, facing the pe-
riphery of the PSD, and the extrasynaptic plasma membrane (Figure 6)
was computed with NIH JScion Image by dividing the number of gold
particles at those membrane regions by the length of that profile. The
density of intracellular labeling in the parallel fiber synaptic ending was
calculated by dividing the number of gold particles in a profile by the
area of that profile. The average linear density and density per area
were computed across all profiles. Two-tailed t tests (assuming un-
equal variance) and ANOVA were used for statistical comparison.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/2/291/DC1/.
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